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Abstract
I’ll begin with a brief review of the triumph of Yang-Mills theory at particle accel-
erators, a development that began some years after their historic paper. This story
reached a culmination, or at least local extremum, with the discovery at the Large
Hadron Collider of a Higgs-like scalar boson in 2012. The talk then proceeds to a
slightly more technical level, discussing how we derive predictions from the gauge field
theories of the Standard Model and its extensions for use at high energy accelerators.
1 The Triumph of Yang-Mills Theory at Accelerators
High energy accelerators offer the most direct window to short-lived quantum processes. The
strategy of probing matter at short distances has resulted in the identification/discovery of
the gauge and matter fields of the Standard Model. Accelerator programs, however complex
and costly, remain experiments that follow the scientific canon. They are capable of design,
replication and variation in response to the demands of nature and the imagination. The
series of accelerator-based experiments of the past fifty years led ineluctably to the triumph
of the gauge concept [1].
I will review a little of how quantum field theory is applied in accelerator experiments,
but we can sum it up with Fig. 1, a picture worth a thousand words.
On the left, the figure shows a quantum-mechanical history that includes all the essential
elements of the spontaneously-broken gauge theories [2, 3, 4] of the Standard Model [5]-[9].
Once it became clear that such theories lend themselves to quantum mechanical renormal-
ization [10], and with the discovery of asymptotic freedom [11, 12], it was possible to create
systematic methods to propose, predict and test for experimental signatures that reflect di-
rectly their fundamental structure. The left of Fig. 1 shows the merger of SU(3)-colored
gluons through a top quark loop, followed by the production of a Higgs boson [13, 14], linking
the top quarks to the SU(2)L × U(1) electroweak sector of the Standard Model, with the
transient appearance of Z bosons, and their subsequent decay into lepton pairs.
In quantum field theory, every observed final state is the result of a quantum-mechanical
set of stories of this type. So far, the stories supplied by the Standard Model, built on
an unbroken SU(3) color gauge theory (very much like the original Yang-Mills Lagrangian)
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“hierarchy” problem.
This distress with the “hierarchy problem” of the Standard Model may be com-
pared to 17th Century objections to action at a distance in Newtonian gravity.
It comes from profound intuition, but does not immediately suggest a resolution.
Putting all this aside, as the progress of science put gravitational action at a dis-
tance aside until 1915, the success is extraordinary. And resolutions of the Standard
Model’s puzzles, and even of Dark Matter, may in the fulness of time come from
theories with many or most of the Standard Model’s properties, or generalization
inspired by it, like supersymmetry. For the remainder of this talk, I’d like to return
to how we got to this stage, how we learned to recount the stories that lead to the
Standard Model’s successes.
2. Techniques from Quantum Field Theory: What we do, what we
get, and why we get it
High energy collisions imply the possibilities of large momentum transfers, and cor-
respondingly processes that develop over very short distances and times. As we
shall see, for short distances accessible to accelerators, we can expand around the
free field theory. Starting with an initial state, the system evolves through tran-
sitions through one or more intermediate states, finally ending up in an observed
final state. The list of possible transitions between states are the stories that pro-
vide predictions through the calculation of quantum mechanical amplitudes. The
systematic computation of these amplitudes computed in this way is perturbation
theory.
Figure 1: Schematic equivalence between the squared microscopic amplitude and the ATLAS
experiment detector signal for Higgs production followed by decay to four leptons through
Z bosons.
with gluons the gauge bosons, and a spontaneously-broken SU(2)L×U(1), with W±, Z and
photons, account for and explain essentially all observations at accelerators. The gluons
and electroweak bosons in this process are themselves gauge bosons, whose identities and
self-interac ions d sclose the underlying group structure [1] f he Standard Model. All other
particles observed at colliders, with a variety and range of masses that re ain ysterious, are
seen precisely because of their gauge-theory interactions. Indeed, without these interactions
we would have no way to produce them at all.
The signature feature of the Yang-Mills extension of gauge invariance to nonabelian
groups is the interaction of gauge fields among themselves. This, of course, is a direct
consequence of the form of the gauge field strength, given in the notation of Ref. [1] as
Fµν =
∂Bµ
∂xν
− ∂Bν
∂xµ
+ i (BµBν − BνBµ) , (1)
in terms of gauge fields expressed as matr ces. In “pure-Yang-Mill ” the classical Lagrange
density is just L = −(1/4)F µνFµν , in ariant under local group (gauge) transformations. The
quadratic terms of the field strength are necessary for this invariance, so that the interactions
among the gauge bosons, and with other fields “are essentially determined by the requirement
of gauge invariance” [1].
The self-interactions of the SU(3) component of the Standard Model, quantum chromo-
dynamics (QCD) are the origi of asympto ic freedom, and al o contribute d rectly to nearly
every multijet cross section, as described below. The self couplings of the electroweak gauge
bosons also hew closely to the Standard Model (for a review, see Chap. 10 of Ref. [15]),
and their study at high energies continues at the Large Hadron Collider [17, 16]. At LHC
energies the mutual scattering of electroweak bosons, through processes like those shown in
Fig. 2, is for the first time coming into focus [19, 18].
All this could be the “end of the story”, except that: 1) Cosmological observations
strongly suggest that there are other sources of gravitation in the universe: dark matter,
dark energy. Dark matter is by definition bereft of at least electromagnetic interactions.
2

q
q
q′
W+
W+
q′
Figure 2: An example of electroweak vector boson scattering at a hadron collider, from Ref.
[18].
2) The mass of the Higgs particle in the Standard Model in isolation is unstable to over-
whelming quantum corrections, a conundrum often referred to as the “hierarchy” problem.
If the existence of as-yet unobserved particles resolves this problem, they may or may not
participate in the gauge interactions of the Standard Model.
Contemporary distress with the hierarchy problem of the Standard Model may be com-
pared to 17th Century objections to action at a distance in Newtonian gravity. The objection
comes from profound intuition, but does not immediately suggest a resolution. It is attrac-
tive to suggest that dark matter plays a role, although this is just a guess. Putting all this
aside, as the progress of science put gravitational action at a distance aside until 1915, the
success of the gauge-theory based Standard Model is extraordinary. And resolutions of the
Standard Model’s puzzles, and even of dark matter and energy, may in the fulness of time
come from theories with many or most of the Standard Model’s properties, or from gener-
alizations inspired by it, like supersymmetry. Hopefully, we won’t have to wait as long! For
the remainder of this talk, I’ll try to explain how accelerator studies helped us get to this
stage, how we learned to recount and recognize the stories like those of Fig. 1 that led to the
Standard Model’s successes.
2 Techniques from Quantum Field Theory
High energy collisions make possible large momentum transfers, and correspondingly pro-
cesses that develop over very short distances and times. As we shall see, for short distances
accessible to accelerators, we can expand around the free field theory. Starting with an ini-
tial state, the system evolves via transitions through one or more intermediate states, finally
ending up in an observed final state. The list of possible transitions between states are the
stories that provide predictions through the calculation of quantum mechanical amplitudes.
The systematic computation of amplitudes in this way is perturbation theory. A related
discussion of the following can be found in Ref. [20].
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2.1 Perturbation theory
Perturbation theory really just follows from the Schro¨dinger equation, describing the mixing
of free particle states (more on this later),
i~
∂
∂t
|ψ(t) > = (H(0) + V ) |ψ(t) > , (2)
with H(0) the “free Hamiltonian”, and V some potential. The form of the free Hamiltonian
determines the list of possible free states. Usually we start with free-state “in” boundary
conditions,
|ψ(t = −∞) > = |m0 > = |pin1 , pin2 〉 , (3)
corresponding to two particles that approach each other from the distant past, as prepared
in an accelerator.
Theories differ in their lists of particles and their (hermitian) potentials, sets of operators
represented by V . The expansions of perturbation theory are given in terms of matrix
elements of V between free states, for which we adopt the notation,
Vj←i = 〈mj|V |mi〉 . (4)
These matrix elements are represented graphically by vertices in diagrams like those on the
left of Fig. 1. The states |mi〉 and |mj〉 differ by the absorption or emission of a particle,
the annihilation (creation) of a pair of particles into (from) a heavier particle, etc. In gauge
theories, the difference between the numbers of particles is limited to three. Many particles
can be created, but only by repeated actions of operator V .
Solutions to the Schro¨dinger equation (2) are sums of ordered time integrals over the
matrix elements in (4). The result is often referred to as “old-fashioned perturbation the-
ory”. The scattering amplitudes computed this way are precisely equivalent to the results
of computing with the more familiar Feynman diagrams. Scattering experiments measure
the quantum mechanical overlap between a state prepared far in the past (an “in” state, as
in Eq. (3)) and a state observed far in the future (an “out” state). In states are what high
energy accelerators like the LHC provide; out states are what detectors like ATLAS and
CMS detect.
It’s not difficult to verify [20] that, in the notation of Eq. (4) the overlap between a
solution to Eq. (2) with initial condition |m0〉 at t = −∞ and a “final state” |mout〉 can be
written in as
〈mout(∞)|m0〉 =
∞∑
n=0
∑
m1...mn−1
n∏
a=0
(−i
~
Va←a−1
) ∫ ∞
−∞
dτn
∫ τn
−∞
dτn−1 × · · ·
× · · · ×
∫ τ2
−∞
dτ1 exp
[
− i
~
n−1∑
states b=0
(∑
j in b
E(~pj)
)
(τb+1 − τb)
]
, (5)
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where the ath factor Va←a−1 is the matrix element of Eq. (4) that takes state |ma−1〉 into the
state |ma〉, with |mn〉 ≡ |mout〉. In fact, this expression is given in the interaction picture,
where we remove the phases associated with |m0(−∞)〉 and |mout(∞)〉, thus dropping two
of the terms in the phase proportional to τ0 and τn+1. The sums over states are suitably-
normalized integrals over free-particle phase space, which we may reinterpret as integrals
over the loop momenta of a sum of perturbation theory (Feynman) diagrams.
Generically, the sums over states in Eq. (5) are divergent whenever subsets of τ ’s coincide,
τi → τj, and also when some set of τi go to infinity. The former, “UV” problem is handled by
renormalization, and the solution is summarized by scaling each term in V by an appropriate
coupling constant g(µ), with (τi − τj)min = 1/µ. In 4 dimensions, only Yang-Mills theories
have the property of asymptotic freedom, g(µ) ∼ 1/ ln(µ) [11, 12]. The couplings of the
Standard Model are either asymptotically free, or are small enough to not change much over
experimentally-accessible energies. This makes an expansion in powers of α(µ) = g2(µ)/4pi
plausible, at least in principle.
Once we do the expansion to calculate the amplitude for a process, the form of an “ideal
cross section”, the square of the amplitude, would be one with only a single kinematic scale,
to which we can set renormalization scale µ,
Q2 σˆSD(Q
2, µ2, αs(µ)) =
∑
n
cn(Q
2/µ2) αns (µ) +O
(
1
Qp
)
=
∑
n
cn(1) α
n
s (Q) +O
(
1
Qp
)
, (6)
up to corrections that vanish as Q−p, for some positive power p, typically an integer. The key
is to find quantities that are observable, and for which the coefficients are well-behaved, and
do not depend on scales for which the coupling is too large. Such quantities are sometimes
called “infrared safe”. For proton accelerators or hadronic final states, the problem is that
there are essentially no cross sections that qualify as infrared safe without further analysis.
What is reason for this problem?
2.2 Mass-shell enhancements in perturbation theory
As we have seen, the Schro¨dinger equation gives transition matrix elements as sums of
ordered time integrals. These time integrals extend to infinity, but usually oscillations damp
them and they provide finite answers. Long-time, “infrared” divergences (logs) come about
only when phases vanish so that the time integrals diverge.
When does this happen? We can tell by reorganizing the phase in Eq. (5),
exp
[
− i
~
∑
states b
(∑
j in b
E(~pj)
)
(τb+1 − τb)
]
=
exp
[
− i
~
∑
b
( ∑
j in b−1
E(~pj) −
∑
j in b
E(~pj)
)
τb
]
. (7)
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Divergences can occur in the integrals of Eq. (5) for τi →∞ if two requirements are met.
1. As is shown by the right-hand side of (7), the phase must vanish, corresponding to
sequences of degenerate states,∑
j in b−1
E(~pj) =
∑
j in b
E(~pj) . (8)
2. From the left-hand side, even if it vanishes, the phase must also be stationary with
respect to the momentum integrals that are implicit in the sums over states in Eq. (5).
Imposing momentum conservation, this translates into the vanishing of their derivatives
with respect to loop momenta `µi ,
∂
∂`iµ
[ phase ] =
∑
states b
∑
j in b
(ηijβ
µ
j )(τb+1 − τb) = 0 , (9)
where the βjs are 4-velocities,
∂E(~pj)
∂`iµ
=
∂pjµ
∂`iµ
∂E(~pj)
∂pjµ
= ηji β
µ
j , (10)
with ηji = ±1, 0, depending on whether loop i flows on line j, and if so whether
momentum `i flows in the same or opposite direction as pj.
Now, any vector of the form βµj ∆τ = ∆x
µ is a translation that is consistent with free-
particle classical equations of motion. Equation (9) implies that around each loop, every
sequence of free propagations is consistent. Infrared divergences, then, arise from regions
in the sums over states where particles describe free, classical propagation that extends to
t→∞, even as the numbers of particles may change through the actions of vertices. This is
easy to satisfy in subdiagrams where all the βj’s are equal, but is otherwise quite restrictive.
Thus, whenever fast partons emerge from the same point in space-time, amplitudes are
enhanced by corrections that describe the rescattering, creation and absorption of collinear
partons at large times.
A simple example, in Fig. 3, illustrates the surprising power of the requirement of classical
propagation. The intermediate state involving momentum k may be degenerate with the final
state, but if the two lines emerging from the decay are not parallel, they can never meet
again though free-particle propagation. Hence these degenerate states are not associated
with a stationary point in the integral, and there is no possibility of an infrared divergence.
This kind of reasoning makes identifying infrared enhancements a lot simpler. For particles
emerging from a local scattering, (only) collinear or soft (infinite wavelength) lines can give
long-time behavior and enhancement. The most straightforward examples of configurations
that do give divergences are in the hadronic decay of electroweak bosons, or e+e− annihilation
in the single-electroweak boson approximation, illustrated in Fig. 4. This pattern generalizes
to any order, and any field theory, but gauge theories are the only renormalizable theories
with soft (k → 0) divergences.
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Figure 3: Example of a degenerate intermediate state that cannot give long-time divergences.
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Figure 4: Low order pinch surfaces for electroweak boson decay.
For e+e− annihilation, this implies by the optical theorem that the total cross section
is infrared safe [21]. To lowest order in electroweak interactions, but to all orders in QCD,
the total cross section is proportional to the imaginary part of the electroweak boson self
energy. The same reasoning that applies to Fig. 3 shows that there are no stationary points
with finite-energy on-shell lines at any loop order. Because the self energy is finite, so is
its imaginary part, and thus so is the total cross section. The same reasoning, based on
the optical theorem, also applies to jet cross sections [22, 23], all of whose singularities can
be derived from a rotationally non-invariant, but still hermitian, truncation of the quantum
field theory Lagrangian.
2.3 Jets: Rare but Highly Structured Events.
At energies much above the mass of the nucleon, certain events include subsets of particles
{qj} with anomalously small invariant mass, (
∑
i qi)
2  (∑iEi)2, and not embedded among
other particles of similar energy. Such sets are “jets”, and, as depicted in Fig. 5 from the
CMS experiment at the Large Hadron Collider, a single scattering event may produce a
number of jets. Events containing jets, in which the flow of momentum is radically changed
between initial and final states, are a signature of large momentum transfers through local
interactions, and as such direct evidence of processes taking place on distances of the order
of 1/(momentum transfer).
7
Figure 5: A multi-jet event as observed by the CMS experiment at the Large Hadron Collider.
The history of the term “jets” applied to final states in particle collisions goes back to the
1950’s, with sprays of particles observed in collisions of cosmic rays with detector materials.
In Ref. [24], we read “The average transverse momentum resulting from our measurements
is pT=0.5 BeV/c for pions . . . [a table] gives a summary of jet events observed to date . . . ”.
These jets emerged from cosmic rays with energies far above what could then be achieved in
the laboratory. The jets of these events are by now interpreted as fragments of the projectile
nucleus, whose collider analogs are sometimes referred to as “beam jets”. They are not,
for the most part, a signal of very large momentum transfer processes, or of the decay of
newly-created heavy particles. The observation of jets of the latter types had to wait for the
era of high energy physics and the discovery of the Standard Model.
This modern story begins with the parton model for inclusive deep inelastic electron-
nucleon scattering (DIS) [25]. In the parton model, this inclusive process is approximated
by the exclusive scattering of an electron by a charged constituent of the nucleon, multiplied
by a function F (x) that depends only on a “scaling variable”, x ≡ Q2/2p · q, with q the
4-momentum transfer and Q2 ≡ −q2 > 0,
σincleproton
(
Q, x =
Q2
2p · q
)
→ σexcleparton(Q, xp)× Fproton(x) . (11)
Variable x is interpreted as the fractional momentum of the nucleon carried by the parton,
when all masses are neglected. The elastic electron-parton scattering is calculated to lowest
order in quantum electrodynamics,
e(k) + a(xp) → e(k − q) + a(xp+ q) , (12)
where a represents the parton, a quark or antiquark in QCD. The value of x is determined
simply by requiring the scattered parton to remain massless, (xp + q)2 = 0. In the parton
model, the function F (x) has the interpretation of a probability distribution of momentum
fractions for parton a in the nucleon. Its independence of the momentum transfer is known
8
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8.2. JETS AND OTHER OBSERVABLES 173
Figure 8.17: Discovery of quark jets at SPEAR (SLAC). Observed sphericity (see p. 170)
distributions for data, jet model (solid curves) and phase-space model (dashed curves) for
ECM = 3GeV (LHS) and 7.4GeV (RHS). Source: [42, 38, p. 1611].
(a) (b)
Figure 8.18: The first three-jet event seen by TASSO (a) and the distribution N 1dN/dO
as a function of oblateness, measured at MARK-J (b). In both figures of (b) the solid
curves are the predictions based on the qq¯g model and the dashed curve is based on the
standard qq¯ model. Source: [44, p. 832].
Fig. 5. Three jet event in lowest-order QCD and at Petra.
To compute the probabilities of such events we compute jet cross sections di-
rectly in perturbative QCD as though the final state consistsd of quarks and gluons.
Because they depend only on (relatively) short distances, where we can use asymp-
totic freedom. Such a prescription, purely in terms of partonic language, seemed
strange at first, knowing that quarks and gluons are confined. The theory gives a
prediction, and the theory will tell us when this prediction is not self-consistent.
A good illustration of the kind of cross section we can calculate is the “thrust”,
in e+e  annihilation, defined by
T ⌘ max
nˆ
1
Q
X
particlesi
~pi · nˆ (13)
where the maximum is over all unit directions nˆ in the sphere of the center-of-mass
frame. The thrust equals unity for perfectly collinear jets of massless particles.
From a theoretical point of view the coe cients of ↵s/⇡, (↵s/⇡)
2 and (↵s/⇡)
3 are
known, and the predictions they give13 are in Fig. 6. The agreement of theory and
experiment over several orders of magnitude is really excellent, as illustrated in Fig.
7.
2.5. Factorization
Machines for hadron-hadron scattering allowed for the scattering of quarks and
gluons from pre-existing hadrons, whose internal interactions extend back to the
early universe. Such interactions are not calculable in perturbation theory. In this
case, we apply the method of factorization, in which perturbatively alculable short-
distance e↵ects are separated from long-distance nonperturbative dynamics, which
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Figure 6: The partonic process for a three jet event in lowest order QCD a d the corre-
sponding TASSO experiment signal at the Petra accelerator [28].
as “scaling”. Scaling turned out to be a striking and successful description of early DIS data.
Its explanation in terms of asympto ic freedom [11, 12] was a electrifying development in the
discovery of the Standard Model. For an asymptotically free theory, the coupling becomes
weak at short distances, even as it increases at longer distances. This made sense for the
inclusive cross section, but the question arises as to what happens to partons in the final
state? Doesn’t confinemen forbid a direct phenome ological expression for quarks?
The unequivocal answer, “no”, came from SLAC in 1975: In electron-positron annihi-
lation to hadrons, the angular distribution for energy flow follows th Born expression for
the creation of spin-1/2 pairs of fermions: the quarks and antiquarks [26]. Jets are “rare”
because the high momentum transfer scattering of partons is rare, but once a hard scattering
has occurred they are inevitable, a d the rates of their appearances are calculable.
After the quark jets of SLAC, came hints of jets associated with gluons in Upsilon decay
[27], and by 1979 clear gluon jets at Petra [28, 29, 30], illustrated in Fig. 6.
To compute the probabilities of such even s we comp te j t cross sections directly in
perturbative QCD as though the final state consistsed of quarks and gluons [22, 23] Such
a prescription, purely in terms of partonic language, seemed strange at first, knowing that
quarks and gluons are confined. Nevertheless, the theory gives a prediction, and the theory
can tell us when this prediction is not self-consistent. That is, we assume that infrared safe
perturbation theory provides an asymptotic expansion.
A good illustration of the kind of cross section we can calculate is the “thrust”[31], in
e+e− annihilation, defined by
T ≡ max
nˆ
1
Q
∑
particles i
~pi · nˆ , (13)
where the maximum is taken over all unit directions nˆ in the sphere of the center-of-mass
frame. The thrust equals unity for perfectly pencil-like, back-to-back jets of massless parti-
cles. By now, the coefficients of αs/pi (lowest order, or LO), (αs/pi)
2 (next-to-lowest, NLO)
and (αs/pi)
3 (next-to-next-to-lowest, NNLO) are known [32], and agreement with experiment
9
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Fig. 6. Data vs. theory for the thrust.
being inclusive in the final state, and the form of factorization may depend on the
measurement.
Figure 7: Data vs. theory for the thrust [32].
extends over several orders of magnitude, as illustrated in Fig. 7.
2.4 Factorization
Machines for hadron-hadron scattering allowed for the scattering of quarks and gluons from
pre-existing hadrons, whose internal interactions long predate their entrance into a collider
b m – indeed, they generally extend back to baryosynthesis in the early universe! Such
interactions, involving confinement, are clearly not calculable in perturbation theory. In this
case, we apply the method of factorization, in which perturbatively calculable short-distance
effects are separated from long-distance nonperturbative dynamics, which enter as parton
distributions. Parton distributions are the pre-existing probability densities for individual
quarks and gluons to carry the fractional momenta of the colliding nucleons. Factorization
is the key to predictions for proposed and established theories, and in general takes the form
Q2σphys(Q,m) = σˆ(Q/µ, αs(µ)) ⊗ fLD(µ,m) + O
(
1
Qp
)
, (14)
which can be thought of as a generalization of both Eqs. (6) and (11). In expressions like
this, µ is referred to as the factorization scale, which is the lowest momentum scale on
which the “short-distance” function σˆ depends, and m represents the infrared scales whose
10
dependence is factorized into the “long-distance” function fLD. “New physics” is in σˆ, while
fLD is “universal”. Factorizaton of this sort is required for almost all collider applications,
and the determination of parton distributions requires a synthesis of measurements of many
factorized cross sections [33]. The lowest-order process of (11) is now generalized beyond
electron-quark scattering, and dressed in σˆ by QCD quantum corrections, as in (6). In place
of the simple product in (11), the product ⊗ represents a convolution in terms of partonic
fractional momenta, or other kinematic degrees of freedom that are not observed directly.
What we actually do is to compute the “physical cross section” σ on the left-hand side
of (14) and fLD on the right-hand side, in an infrared-regulated variant of QCD, where
we can prove the factorization explicitly. We then extract the perturbative quantity σˆ,
assuming it is the same for true QCD as for its IR-regulated cousin. Factorization for a given
cross section generally requires that it be sufficiently inclusive that no small parameters are
introduced in the selection of final states. The form of factorization may also depend on the
measurement. Calculations of the short distance functions generally become very complex
beyond the lower order in αs. An enormous amount of work has been put into the calculation
of the perturbative amplitudes [34, 35] upon which these cross sections are based, which has
led to fruitful interplay between QCD phenomenology, abstract quantum field theory and
pure mathematics. The steps from amplitudes to cross sections with prescribed phase space
presents further challenges. Although great progress has been made over the past few years,
much remains to be done to exploit the full potential of accelerator data [36]. A recent
milestone is the completion of the order α3s corrections to σˆ for the inclusive production of
the Higgs boson in the Standard Model [37].
3 Evolution/Resummation
The full power of asymptotic freedom and factorization requires evolution, by which we can
control dependence on the factorization scale µ in factorized cross sections like (14). This
enables us to compute the short distance scattering σˆ in terms of a single scale, with µ ∼ Q,
and hence to derive the most accurate expansions in αs(Q) as Q increases. Whenever there
is a factorized physical quantity, we can derive an evolution equation, starting with the
independence of any such quantity from the factorization scale,
0 = µ
d
dµ
lnσphys(Q,m) . (15)
For simplicity, suppose σphys is a simple product of σˆ and f . Then by an elementary sepa-
ration of variables we find that
µ
d ln f
dµ
= −P (αs(µ)) = −µd ln σˆ
dµ
, (16)
where the function P (αs) depends on only the (dimensionless) variables held in common by
the short- and long-distance functions. We can calculate P (αs), which may be referred to as
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a splitting function or an anomalous dimension depending on the context, because it is the
derivative of σˆ, which we can calculate. Equations of this sort are said to describe evolution
or resummation. Applied to Eq. (14), for example, Eq. (16) implies that
σphys(Q,m) = σphys(q,m)
[
σˆ(Q,αs(Q)
σˆ(q, αs(q))
]
exp
{∫ Q
q
dµ′
µ′
P (αs(µ
′))
}
, (17)
in which the second and third factors on the right-hand side, which contain all Q-dependence,
are computable in perturbation theory so long as αs(Q) and αs(q) are both small. This means
that in a theory with asymptotic freedom, observations at moderate scales, q say, lead to
predictions for all larger scales, Q.
Such factorization, and hence evolution applies, for example, to the dimensionless struc-
ture function F2(Q
2, x) in DIS, which can be thought of as a cross section with dimensionfull
kinematic factors removed. Specifically, we consider its Mellin moments with respect to the
scaling variable, x, F˜2(Q
2, N) =
∫ 1
0
dx xN−1F2(Q2, x). These moments resolve the convolu-
tion in partonic momentum fraction into a product of the form
F˜2(Q
2, N) =
∑
partons a
C2a
(
N,
Q
µ
, αs(µ)
)
fa(N,µ) . (18)
Here, the sum is over parton flavors: quarks, antiquark, gluons. On the right, the C2a are
short-distance “coefficient functions”, one for each parton flavor, and the fa(N,µ) are Mellin
moments of parton distributions, fa(ξ, µ), in the spirit of Eq. (14), with respect to momentum
fraction, ξ. In this case, the separation constants Pab(N,αs) depend on the moment variable
N and are denoted γab(N,αs). This is a matrix, as variations with the factorization scale
reflect the effects of quark pair creation and gluon radiation, which can change the flavor of
the parton that initiates the hard scattering. The evolution equation for the long-distance
parton distributions can then be written as
µ
∂
∂µ
fa(N,µ) =
∑
b
γab(N,αs(µ)) fb(N,αs(µ)) , (19)
which is one of the forms of the celebrated Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP)
equation [38, 39, 40], the bedrock of high energy phenomenology at colliders.
If for simplicity we suppress the matrix structure, and neglect the analog of the pertur-
bative prefactor in Eq. (17), we find for our structure functions the Q-dependence,
F˜2(Q
2, N) = F˜2(Q
2
0, N) exp
[
−1
2
∫ Q2
Q20
dµ′2
µ′2
γ(N,αs(µ
′))
]
, (20)
again enabling the use of lower-energy observations to give higher energy predictions. Ex-
panding γ(N,αs) = γ
(1)
N (αs/pi) + . . . , and using the lowest-order version of the running
coupling, αs(µ) = 4pi/b0 ln(µ
2/Λ2QCD), we find the approximation
F˜2(Q
2, N) = F˜2(Q
2
0, N)
(
ln(Q2/Λ2QCD)
ln(Q20/Λ
2
QCD)
)−2γ(1)N /b0
. (21)
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Figure 8: DIS cross sections from Zeus and H1 experiments at the HERA accelerator [41].
In its full form, which depends on all of the particle content and dynamics of quantum
chromodynamics, this procedure works really well. It implies the approximate scaling seen
in early DIS experiments at moderate x and pronounced evolution for smaller x, as shown
in Fig. 8.
Hard hadron-hadron scattering, as at the LHC, is mediated by partons from both colliding
hadrons, and requires only a modest extension of the factorization formalism. For an inclusive
process in hadron-hadron scattering that involves a large momentum transfer M to produce
final state F (M) +X, the corresponding factorized cross section can be written as
dσH1H2(p1, p2,M) =
∑
a,b
∫ 1
0
dxa dxb dσˆab→F+X (xap1, xbp2,M, µ)
×fa/H1(xa, µ) fb/H2(xb, µ), (22)
in terms of a perturbative short distance (differential) cross section dσˆ, combined with the
same parton distribution functions as above, but evolved to higher scales in general. This
form is a straightforward variant of the generic factorization (14), but of course, it requires
a proof. Factorization proofs, which have been the subject of considerable effort, justify
the “universality” of the parton distributions, that is, that parton distributions measured
in deep-inelastic scattering are the same functions that appear in hadron-hadron scattering.
Because this is indeed the case, data from one class of experiments can be used to make
predictions for another class. Thus, for example, the measurements of parton distributions
at HERA in the 1990s can be used to predict cross sections for hypothetical super-partners
at the LHC in Run 2.
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functions that appear in hadron-hadron scattering. If this is indeed the case, then
data from one class of experiments can be used to make predictions for another
class. Thus, for example, the measurements of parton distributions at HERA in the
1990s can be used to predict cross sections for the hypothetic super partners at the
LHC in its coming Run II, beginning in 2015.
We will come back to the how and why of factorization, which is fundamental
to applications of gauge theories at accelerators, in the following section. We will
use particle jet cross sections to illustrate how these features arise. Fiirst, however,
we will take look back at the basic features of jets at hadron colliders. In the
1980’s, there were direct and indirect ‘sightings’ of scattered parton jets at Fermilab
and the ISR, often in the context of single-particle spectra. Overall, however, an
unsettled period until the SPS large angular coverage makes possible (first at the
UA1 experiment at CERN) ‘lego plots’ in terms of energy flow, and leads to the
unequivocal observation of high-pT jet pairs that clearly represent the scattering of
partons at short distances. The underlying equivalence of the quantum mechanical
picture of gluon exchange between quarks and detector signal is represented by
Fig. 9, in which the towers on the “unrolled” detector surface reveal the flow of
energy14. The nineteen nineties ushered in what we may call the era of the great
13 May 2004 Joseph Kroll         University of Pennsylvania 41 
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Largest ΣET event 
ΣET c nc ntrated in 
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Fig. 9. Schematic equivalence of QCD hard scattering and the observation of jets by the flow of
energy.
“Standard Model Machines”: HERA for DIS, LEP I and II for e+e  annihilation,
and the Tevatron Run I for pp¯ collisions, together provided jet cross sections over
multiple orders of magnitude. The current decade brought a new era of jets at the
limits of the Standard Model, ushered in by Tevatron Run II, and realized with the
Figure 9: Equivalence of QCD quark-quark sc tering and the observation of jets by the flow
of energy in the UA1 detector[45].
We will come back to the how and why of factorization, which is fundamental to appli-
cations of gauge theories at accelerators, in the closing pages. We can use jet cross sections
to illustrate the success of the factorization paradigm.
Through the early 1980’s, there were strong suggestions of scattered parton jets at CERN
and Fermilab [42, 43]. Fuller clarification, however, waited experiments a th SPS collider,
whose large angular coverage made possible plots that exhibited energy flow over the whole
detector. This led to the observation of high-pT jet pairs that unequivocally represent the
scattering of partons at short distances. The underlying equivalence of the quantum mechan-
ical picture of gluon exchange between quarks and detector signals is represented by Fig. 9,
in which the towers on the “unrolled” detector surface reveal the flow of energy [44, 45].
The nineteen nineties ushered in what we may call the era of the great “Standard Model
Machines”. HERA for DIS, LEP I and II for e+e− annihilation, and the Tevatron Run I
for pp¯ collisions together provided jet cross sections over multiple orders of magnitude, as
they established and confirmed the electroweak structure and flavor content of the Standard
Model. The current decade has brought a new era of jets at the limits of the Standard
Model, initiated by Tevatron Run II, and realized with the ongoing Large Hadron Collider
program, at 7, then 8, and now 13 TeV in the center of mass. Events transpiring at the
scale δx ∼ ~c
1 TeV
∼ 2 × 10−19 meters are now routinely observed about 10 meters away,
an observational bridge of twenty orders of magnitude. The impressive success of theory
predictions based on factorized cross sections like Eq. (22) is shown in Fig. 10.
At this point, we may mention another life for jets, “shining from the inside” as a probe
for new phases of strongly-interacting matter in nuclear collisions [46, 47] at the Relativistic
Heavy Ion Collider (RHIC) and the LHC, and, prospectively in “cold nuclei” at a electron-ion
collider [48].
With this motivation, we turn to the physics behind, and the arguments for, the factor-
ization properties on which the calculation of jet and related cross sections are based.
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Inclusive jet and dijet cross sections
look at the production of jets of hadrons with large transverse energy in
inclusive jet events pp! j +X
exclusive dijet events pp! 2j
cross sections measured as a function of the jet pT , rapidity y and dijet invariant massmjj in
double differential form
(CMS-PAS-SMP-12-012) (ATLAS-CONF-2012-021)
Figure 10: Jet pT distributions measured by the CMS experiment, and pair mass distributions
measured by the ATLAS experiment, showing agreement with Standard Model predictions
over many orders of magnitude.
4 Gauge Theory Factorization
Understanding factorization is about learning how to calculate with a theory that acts differ-
ently on different scales. For the purposes of jet cross sections, the underlying factorization
takes a form first recognized in the late 1970s [50, 51, 52, 53, 54, 55].
dσ(A+B → {pi}) =
∑
a,b
∫ 1
0
dxadxb fa/A(xa, µF ) fb/B(xb, µF )
× dC
(
xapA, xbpB,
Q
µF
,
pi · pj
pk · pl
)
ab→c1...cNjets+X
×
Njets∏
i=1
Jci(pi, µF )
 . (23)
Like Eqs. (14) and (22), this formula includes parton distributions and short-distance “co-
efficient” functions, as well as a further factorization into functions that represent the jets.
Closely-related factorizations apply to processes involving exclusive final states [56, 57, 58],
and have found renewed development in the language of effective field theory [59, 60, 61].
Expressions of this form tell a story of nearly on-shell propagations in the initial and
final states, punctuated by a single short-distance interaction. As mentioned above, the
definitions of the jets must be sufficiently inclusive that no small scales are introduced.
The jets themselves are characterized by correlated internal dynamics, which is “au-
tonomous” relative to the remainder of the process. We have already seen that enhancement
of correlations between collinear particles is built into quantum field theory. Where does the
automonomy come from?
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• (B) Autonomy for jets in gauge theories:
classical field seen by scattered charges (“jet”)
x < βc t3
x frame x0 frame
(everything else) (jet)
  ⌘ x03 +  ct0
•Why a classical picture isn’t so far-fetched . . .
The correspondence principle is the key to IR divergences.
An accelerated charge must produce classical radiation,
and an infinite numbers of soft gluons are required to
make a classical field.
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Figure 11: Illustration of separating charges.
To distill the essence of this argument, we will think of classical fields seen by scattered
charges [62]. Even though we are working in quantum field theory, a classical picture isn’t
so far-fetched, because the correspondence prin iple is the key to infrared divergences in
perturbation theory. An accelerated charge must produce classical radiation, and an infinite
number of soft gauge vector bosons is required to make a classical field.
We imagine a “jet-parton”, whose coordinate space position we label as x′ in its own rest
frame, moving with velocity v in the 3-di ction toward or away from a “recoiling parton”
of charge q, at rest in a system with coordinates x. We can imagine both of these particles
as products of the hard scattering. They m y interact with particle in their immediate
neighborhood, but here we concentrate on the effect of the recoil parton on the jet parton.
The relevant Lorentz transformation between the two frames is
x3 = γ(x
′
3 + vt
′) = γ∆ , (24)
which serves to define ∆. We can think of x′3 as a small, fixed scale, while x3 changes rapidly
as the particle recedes, as in Fig. 11.
We imagine that the “collision” was at ∆ = 0, i.e. t′ = − 1
v
x′3, at which time the particles
were separated by only a small transverse distance, xT = x
′
T , when a large momentum
transfer could have taken place between the two. An estimate of the gauge theory physical
effects at later times is found from expressions for the electric field in an abelian theory due
to a charge q at rest in the x frame and as seen in the x′ frame:
E ′3(x
′) =
q γ∆
(x2T + γ
2∆2)3/2
∼ 1
γ2
q
∆
. (25)
The force in the 3-direction felt by the parton of charge q′ traveling with the jet due to the
recoiling charge is just q′ times this field. The electric, ~E field, however, seen by the receding
(or approaching) particle is highly contracted, falling off as 1/γ2 at all times except during
an interval whose width decreases as 1/γ2, and hence as a power of the momentum of the
jet. This suggests that the time development of scattered charges is indeed independent of
the hard scattering.
Even in this classical, abelian example, however, the richness of the gauge theory descrip-
tion can be seen. In contrast to the field strengths, the vector potential, Aµ is uncontracted,
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but is mostly a total derivative as seen in the x′ frame:
Aµ(t′, x′3) = q
∂
∂x′µ
ln ∆(t′, x′3) +O(1− β) . (26)
This “large” part of Aµ can be removed by a gauge transformation in principle. The need
to implement this freedom makes proofs of factorization challenging in gauge theories [63,
64, 65]. Nevertheless, apparent non-factorization cancels for inclusive cross sections, and
corrections to Eq. (23) are of the same order as the residual “drag” forces remaining from the
vector potential left over from the total derivative. We can estimate the energy-dependence
of these corrections by the relation
1− β ∼ 1
2
[√
1− β2
]2
∼ 1
2
[
m√
sˆ
]2
, (27)
with
√
sˆ the invariant mass of the system made of the jet parton and the recoil parton,
assumed to have some mass m. Corrections to the autonomous, i.e. factorized, description
of high energy processes in this model are thus power suppressed in momentum transfer,
suggesting the size of corrections to factorization.
In QCD, these same features are embedded in Feynman diagrams [62, 66]. When a
gluon’s momentum, k becomes collinear to the momentum p of a particle that has emitted
it, diagrams that contribute to the amplitude are singular. This is the quantum field theory
analog of the “uncontracted” classical gauge potential in Eq. (26). In covariant gauges, these
singularities appear in cross sections through interference with emission from other lines in
the collision process. In general, all diagrams contribute, but in the limit that the gluon is
parallel to the particle that emits it, the sum of all diagrams is independent of the other
momentum directions, and hence is the same for all hard scattering kinematics (see Fig. 12).
This is the mechanism that makes possible the universality of long-distance factors (parton
distributions) in hadron-hadron scattering in QCD, and in general it only emerges after a
sum over many diagrams.
On a still more technical level, the singular, “collinear” gluons emitted by a charge carry
polarizations that are proportional to their own momentum (µ(k) ∝ kµ), and can give
non-factoring contributions that grow with energy in individual diagrams. In QCD and
other gauge theories, the gauge invariance of physical quantities ensures that such lines
with unphysical polarizations organize themselves into gauge rotations on physical particles
[65, 59, 61]. Such gauge rotations are generalizations of phase factors associated with the
gauge potential of quantum electrodynamics,
Φβ(0) = P exp
[ ∫ ∞
0
dλ β · A(λβµ)
]
, (28)
with P path ordering in group space of the nonabelian field A, along the semi-infinite lightlike
path in the direction β. Ambiguities in the choice of β are in many ways analogous to the
arbitrariness of the precise factorization scale, described above.
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Figure 12: In the limit that k is parallel to p the interference between the emission of gluon
k from the p line and its emission from lines q, r and s is independent of momenta q, r and
s.
In the manner of a classical charge moving near the speed of light, the jet only knows
the rest of the world as a source of unphysically-polarized gluons. These non-Abelian phases
[67] or Wilson lines [68] are themselves related to the geometric structure underlying gauge
theories (see the commentary on [67] in [69]), and appear in numerous contexts beyond the
perturbative description on which we’ve focussed in this talk [70, 71, 72, 73]. The future
will surely see new applications, especially in the transition from infrared safe, perturbative
observables to infrared-senstive hadronic observables. In this context, many results are
known to all orders in perturbation theory. Such results typically point at how perturbation
theory transcends itself [74, 75, 76], making room for the true long-time behavior of the
system, emergent from its gauge interactions.
5 Conclusions
Accelerators have confirmed the fundamental degrees of freedom in the gauge theories of the
Standard Model directly, complementing and motivating the great advances in technology
that were necessary to probe nature at distance scales down to twenty orders of magnitude
below the size of the apparatus. For the most part, contemporary observations are designed
for identifying partonic states, in an effort to detect and reject QCD backgrounds in the
search for physics beyond the Standard Model.
Time will tell whether the gauge theories accessible at accelerators will offer a resolution
to dark matter identity, the hierarchy problem, and related mysteries, as they did for once-
exotic manifestations of the Standard Model. I hope so. Reflecting on the extraordinary
range of success for the theories inspired by the gauge concept, sixty years after its extension
to nonabelian groups, we may have cause for optimism.
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